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Size restriction in the glomerular capillary wall: importance of lamina
densa. Cationized monomeric, dimeric and oligomeric ferritins (p1
maxima 9.3 to 9.6) were used to study size restriction in the rat
glomerular capillary wall. Monomer and dimer ferritins were able to
penetrate the lamina densa; trimer and larger aggregates could not, even
though they were able to enter the lamina rara interna. This demon-
strates that the lamina densa is a size restrictive barrier, cationic
molecules with a Stokes—Einstein radius exceeding a value between 6 to
12 nm are excluded. Monomeric and dimeric cationic ferritins were
handled differently in the lamina rara externa; monomer accumulated
perferentially immediately below the slit membrane whereas dimer was
found within the inner regions of the rara extei-na, nearer to the lamina
densa.
Structural determinants of glomerular permeability for mac-
romolecules have been analyzed in some detail [1, 2]. The
glomerular basement membrane (GBM) was clearly identified
as a size restrictive structure [3], and some anomalies in
experimental data concerning the respective functions of the
GBM and the slit membrane were resolved as it became clear
that the glomerular capillary wall also acted as a charge barrier.
The filtration barrier contains negative charges, a property
largely endowed by sulfated proteoglycans [4]. These struc-
tures, often referred to as fixed anionic charges, have been
located to the lamina rara interna and externa using cationic
probes [5]. Within the GBM they consist of a protein backbone
with glycosaminoglycan side chains, the whole molecule being
attached at a single anchor point so that it can be aggregated by
polycations [6].
Cationic probes are not subject to electrostatic repulsion
encountered with polyanions [7] and can be used to investigate
size restriction, in the current study, naturally—occurring size
isomers of horse spleen ferritin were cationized and employed
to investigate size restriction of cationic molecules within the
glomerular basement membrane. It was possible to identify the
lamina densa as an important barrier governing permeation of
these probes.
Methods
Animals
Male Wistar rats, 80 to 100 g body weight, (Zentral-
tierzUchterei, Hannover, FRG) were used.
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Preparation of ferritin probes
Ferritin was prepared from horse spleens [81 and separated
into isomers on a sepharose 6B column (Pharmacia Diagnostics,
Uppsala, Sweden) as previously described [91. Initially two
fractions were collected, one corresponding to monomeric
ferritin and the second to a mixture of dimeric and polymeric
ferritins; both fractions were then cationized. Dimeric and
polymeric ferritins were cationized together to protect poly-
meric ferritins, which in isolated form had unfortunately proven
to be unstable during the charge modification procedure. The
cationized fractions were re-chromatographed on a 3.5 x 60 cm
Sephacryl S.300 (Pharmacia) column in tris/HC1 buffer (0.05 M,
pH 7.3 + 0.1 M lysine) at a flow rate of 5 ml/hr; 20mg samples
were applied and the effluent was monitored at 440 nm. Seph-
arose columns could not be employed as positively charged
molecules bound to the matrix. Highly—enriched monomeric
and dimeric ferritins were obtained, as well as a polymeric
fraction containing trimer and tetramer, and some larger aggre-
gates. The S.300 column was calibrated with native ferritin
(molecular weight of isomers estimated from mobility in poly-
acrylamide gel electrophoresis) in order to identify the sizes of
the cationized fractions. All concentration procedures were
performed with an Amicon (Lexington, Massachusetts, USA)
ultrafiltration cell using XM5O membranes. The ferritins were
sterile filtered and stored at 4°C.
The final preparations were examined directly in the electron
microscope to assess composition: formvar—coated copper
grids were wetted with 0.1% tween 20 in phosphate buffered
saline and then immersed in apoferritin (10 mg/mI in saline) for
10 minutes before being placed on a drop of the cationic ferritin
sample (1 mg/ml) for 10 minutes; the grids were air dried before
viewing.
Cationization procedure
Cationization was carried out as outlined by Hoare and
Koshland [10] as follows: 174 mg of 1.6 hexanediamine (EGA-
Chemie) was dissolved in 4.5 ml of distilled water and brought
to pH 6.5 with 1 N HC1, 150 mg of the ferritin fraction and 150
mg of l-ethyl-3(3-dimethyl-aminopropyl)-carbodiimide hydro-
chloride (Sigma Chemical Co, St. Louis, Missouri, USA) were
added (final volume 13 ml). The reaction was held at pH 6.5 for
eight hr at 25°C (Titrator TTT6O, Radiometer, Copenhagen,
Denmark), left overnight at +4°C and dialyzed exhaustively
against phosphate buffered saline. The isoelectric maxima and
range of each probe was estimated from its migration velocity in
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Fig. 1. The elut ion profiles ofnativeferritin and enriched, cationized monomeric, dimeric and polymeric ferritins from a S.300 column are shown.
The final (second) run of the cationized samples is shown, fractions pooled are indicated. The inserts show the electron microscopic appearance
of the pooled fraction; original magnification 30,000 x.
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a pevikon block electrophoresis (Veronal buffer pH 8.2, 0.05 M)
using cytochrome C (p1 10.7) and whale (p1 8.3) and horse (p1
7.3) myoglobins as markers.
Immunofluorescence
Immune fluorescent staining was carried out on 5 acetone
fixed cryostat sections of snap—frozen renal tissue using FITC
labeled rabbit anti-horse ferritin antiserum.
Electron microscopy
Renal tissue was fixed immediately with 1% glutaraldehyde in
0.2 M S-Collidine buffer (p11 7.4, 400 mOsm) for one hour at
4°C, and then treated with S-Collidine buffered osmium
tetroxide (2%; pH 7.4, 4°C) for two hours and embedded in
Epikote 812. Fifty nm sections were cut with a diamond knife
on a Reichert Ultramicrotome OmU3 and were mildly con-
trasted for 10 minutes with saturated uranyl acetate. Sections
were viewed with a Zeiss EM 9S2 electron microscope (Zeiss,
Oberkochen, FRG). For quantification of the iron cores prints
at a constant magnification of x 100,000 were used. A reference
line was drawn through the middle of the lamina densa and the
capillary wall was divided into four 40 nm zones on the inner
side and five 40 nm zones on the outer side of this reference
line. The number of iron cores within each zone in 1000 nm
constant length sections were counted with the aid of a semi-
automatic analyzer (Kontron, Munich, FRG). Only straight
sections of the capillary wall, remote from mesangial regions
and not tangentially cut, were evaluated. The number of
dimeric molecules was obtained by halving the number of iron
cores counted; this underestimated the number of dimers, since
one of the iron cores may have lain outside the section.
The lamina densa was designated as the two 40 nm zones
adjacent to the reference line; the lamina rara interna as the
three innermost zones (maximal width 120 nm) and the lamina
rara externa as the four outermost zones (maximum width 160
nm). The final zone of the rara externa included the area
between the podocytes bounded by the slit membrane.
Experimental design
Ten rats were each injected with I mg of cationic monomeric
ferritin i.v., under ether narcosis; two rats were killed after 1, 2,
4, 8 and 16 hours and tissue from both kidneys was taken for
immune fluorescent and electron microscopic studies. An iden-
tical protocol was employed for cationized dimeric ferritin.
Supplies of cationized polymeric ferritin were limited and
studies were undertaken only at 1, 2 and 4 hours (2 rats each
timepoint). For quantification, 2 to 4 glomeruli per kidney per
rat were selected and 100 to 200 constant length sections were
evaluated as described above.
Results
Characterization of ferritins
The elution profile of native horse spleen ferritin (anionic, p1
4.7) from a sephacryl S.300 column is shown in Figure 1. The
three fractions indicated corresponded to monomer, dimer and
polymer (mainly trimer and tetramer) as revealed on polyacryl-
amide gel electrophoresis analysis [9]. The degree of purity
could be improved as desired by repeating the chromatographic
Fig. 2. Immune fluorescence micrograp/Is showing glomeruli stained
with FITC labeled anti-ferritin antiserum. A. Monomeric cationized
ferritin, sacrificed at I hr, staining is mainly along the capillary walls
(x 1,200). B. Dimeric cationized ferritin, sacrificed at I hr. mesangial
staining is also prominent (xl,200). C. Dimeric cationized ferritin,
sacrificed at 4 hr, staining is much weaker than in B (xI,200). D.
Polymeric cationized ferritin, sacrificed at I hr (x 1,200).
step. Following cationization the bulk of each fraction eluted
from the S.300 column at a volume very close to that seen
before modification (Fig. 1). This shows that little polymeriza-
tion or denaturation occurs during cationization and that the
molecular configuration (water mantle) was largely unaltered.
The cationized ferritins were chromatographed twice on the
S.300 column and used within one week, although no dramatic
change in elution behavior was seen on storage for up to three
months. Examination of the final products in the electron
microscope confirmed the molecular composition (Fig. I); here
quantitative analysis was not undertaken since aggregation as a
drying artifact occurs, preventing uniform distribution.
The following values for isoelectric maxima and isoelectric
range (shown in brackets), as estimated from the mobility on
pevikon electrophoresis, were obtained: monomer p1 9.6(9.0 to
10.1); dimer 9.3 (8.9 to 9.8); and polymer (oligomer) p1 9.3 (8.8
to 9.8).
Immunofluorescent staining
Cationized monomeric, dimeric and polymeric ferritins all
showed affinity for glomerular structures, as visualized by
immunofluorescence (Fig. 2). Staining for monomeric ferritin
was mainly confined to the capillary wall (Fig. 2A), whereas
dimeric and especially polymeric ferritins were also seen in the
mesangial regions (Fig. 2B, D). The intensity of staining de-
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Fig. 3. Electron micrographs of sections of glomerular capillary wa//from rats given monomeric, dimeric or polymeric ferritin, sacrificed at / hr.A. Monomer, large groupings are seen in the LRI, individual molecules are present in the LD, a regular array of ferritin molecules can be seen
beneath a slit membrane in the LRE (x87,000). B. Dimer, diineric molecules can be seen crossing the LD, they are scattered throughout the LRE
(x70,000). Fig. 3C is on following page.
creased rapidly with time with all three probes (Fig. 2B, C). Electronmicroscopy
Only faint staining for monomeric and dimeric ferritin was seen
at 16 hours (mesangial pattern), while staining for polymeric Cationized monomeric ferritin. At one hour monomeric fer-
ferritin was virtually negative at four hours. ritin molecules were found in all layers of the capillary wall
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Fig 3.C. Polymer molecules are only present in the LRI (x73,000). Abbreviations are: LRE, Lamina rare externa; LRI, lamina rara interna; LD,
Laniina densa.
(Fig. 3A). Most were present on the inner side in large group-
ings, presumably representing the site of reaction with fixed
anionic charges. Only single molecules were seen in the lamina
densa. Groups of molecules were frequently found between the
podocytes, directly beneath the slit membrane. At two hours
and four hours ferritin molecules were present in both lamina
raraes in similar quantities. At 16 hours very little ferritin was
seen in the capillary wall. The presence of ferritin in the lamina
rarae was associated with widening of these regions, this was
transient. Accumulation of ferritin in the mesangial matrix and
mesangial cells was not marked. Quantification was done at I,
2 and 4 hours and the results are shown in Figures 4A and C.
It is clear from Figure 4A that most of the cationized
monomeric ferritin molecules which cross the lamina densa
subsequently accumulate in the outermost region of the rara
externa, beneath the slit membrane.
Cationized dimeric ferritin. At one hour dimeric ferritin
molecules were found in all layers of the capillary wall (Fig.
3B), as was the case with monomeric ferritin. Again, most were
present in the lamina rara interna; some dimers were seen in the
lamina densa and individual dimers as well as groupings were
found in the lamina rara externa, mainly in the region between
the lamina densa and the basal region of the podocytes, rarely
directly beneath the slit membrane (Fig. 4B). This distribution
was maintained during the study period as the total number of
molecules in the capillary wall decreased with time (Fig. 4D), in
contrast to monomer where a shift in distribution in favor of the
rara externa was seen (Fig. 4C). It must be emphasized that at
one hour the numbers of monomeric and dimeric molecules
present in the rara interna were comparable, only thereafter
were divergences seen; this was also true for the rara externa.
As with monomeric ferritin transient widening of the lamina
rarae was seen. The accumulation of dimeric ferritin in the
paramesangial region and the mesangium became more marked
with time.
Cationized polymeric ferritin. Polymeric molecules (trimer
and larger) were only seen in the lamina rara interna (Fig. 3C),
and in the endothelial cells, they were not seen entering the
lamina densa at any time. For this reason quantitation was not
undertaken. Polymer was frequently seen in the para-mesangial
region and in the mesangium proper. As above, transient
widening of the lamina rara interna was seen.
Discussion
Monomeric, dimeric and polymeric ferritins were able to
enter the glomerular capillary wall when cationized. Monomer
and dimer penetrated the lamina densa whereas polymer did
not, although it could readily enter the lamina rara interna. The
polymer preparation employed here contained trimer and larger
aggregates, so that the cut off limit for a size barrier (for cationic
molecules) in the lamina densa should lie between the effective
molecular sizes for dimer and trimer. The way in which
naturally—occurring ferritin aggregates are built up has not been
finally determined [11]; for the current purpose it will be
assumed that they consist of spheres in intimate contact, and
this may be subject to revision. Taking the Stokes—Einstein
radius for monomeric ferritin to be 6.1 nm the minimum pore
size allowing passage of monomer and dimer would then be an
opening 12.2 nm in diameter. Trimer would require a rectangu-
lar opening of size 12.2 x 23 nm. The current data are most
easily explained by proposing openings in the lamina densa of
roughly round or square shape with a dimension of between 12
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and 23 nm. These would allow the passage of dimeric (in one
orientation) but not trimeric cationic ferritins.
The lamina densa has been suggested to be made up of a
network of tightly packed fibrils (or cords) containing type IV
collagen [21, 2 to 8 nm in diameter [12]. The spaces between the
cords in the lamina densa were judged to have a mean size of 8
nm (range 3 to 20 nm) [12], which fits in with the above
estimate. In addition the previous observation that cationized
1gM (molecular weight 900,000 daltons, molecular dimensions
approximately 10 x 20 x 30 nm) was barely able to penetrate
the capillary wall [13] is also consistent with the above data.
The extrapolation of results obtained with cationic tracers to
anionic and neutral molecules should only be made with cau-
tion. Polycationic probes can cause perturbations in the config-
uration of proteoglycan molecules by aggregating sugar side
chains [61. This might introduce a size defect in the GBM,
resulting in easier penetration of the cationic tracer in compar-
ison to anionic and neutral molecules of similar size. The values
obtained can at least be regarded as upper limits for macromol-
ecules, regardless of charge.
It was clearly shown that cationic dimeric ferritin molecules
could penetrate the lamina densa. The number of monomeric
and dimeric molecules gaining access to the lamina rara interna
was about the same. Since more monomer accumulates in the
rara externa it seems likely that dimer is retarded by the lamina
densa. This fits in with the observation that the larger molecules
(dimer and polymer) find their way into the mesangium and
endothelial cells, whereas monomer leaves the rara interna
more slowly than dimer, largely by passage through the mem-
brane, since not much was seen in the mesangium. In the case
of polymer, the mesangial/endothelial clearing function in the
subendothelial space would seem to be the sole operating
removal—mechanism. The fate of ferritin molecules leaving the
rara externa is not clear; they may either cross the slit mem-
brane and enter the urinary space or be taken up by the
epithelial cells.
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When given intravenously it is to be expected that only a
small quantity of a cationic tracer will localize in the glomeruli.
In a previous study, using cationized human IgG, less than 5%
of the dose given bound in the kidneys [14]. The positively
charged molecules can form complexes with plasma compo-
nents and can also attach to negatively—charged cell surfaces. It
is therefore possible that some of the material found in the
subendothelial region entered in the form of complexes with
anionic plasma components. These, together with free tracer
molecules, may bind to the fixed anionic sites in the lamina rara
interna, giving rise to the very large subendothelial aggregates
commonly seen with cationic ferritins shortly after administra-
tion [7, 13]. The electrostatic interactions holding these aggre-
gates together are reversible and obey the law of mass action,
so it is to be expected that individual molecules will be set free
to be offered to the lamina densa.
The factors mentioned above make it difficult to estimate
blood levels in a meaningful way; this is further complicated by
problems encountered in achieving stable radioisotopic labeling
of ferritin. However, although tracer blood levels must be
considered when studying accumulation in the subendothelial
region, in the case of the lamina densa it is the concentration in
the preceeding compartment, the lamina rara interna that is
crucial. This was comparable for monomeric and dimeric
cationic ferritins indicating that the cationic load at the lamina
densa was similar. As virtually no polymeric cationic ferritin
entered the lamina densa, although it was present in quantities
proximally, considerations of cationic load did not complicate
interpretation of the results.
Monomer and dimer cationic ferritins behave differently in
the rara externa; monomer moves readily across this region to
accumulate directly underneath the slit membrane, whereas
dimer remains in the inner layers of the rara externa and rarely
reaches the slit membrane. It is unlikely that the retarded
movement of dimeric molecules across the rara externa is a
result of size restriction.
It could be explained on the basis of a higher avidity of
dimeric molecules for fixed anionic charges, due to the greater
number of interacting sites on the larger molecule. (The fore-
going observation might have relevance for in—situ subepithelial
immune—deposit formation: the longer an antigen persists the
better is the target it presents for antibody). Differences in the
avidity of binding of the various probes must also occur in the
lamina rara interna. However, the disappearance rates of the
three cationic ferritins from the subendothelial region is in-
versely proportional to their molecular weights, the opposite of
the behavior expected if electrostatic attraction were the gov-
erning factor. We therefore feel it is justified to assign a minor
importance to electrostatic interactions when considering
movement of cationic ferritins from the lamina rara interna into
the lamina densa.
A further aspect which must be considered is that transit of
the ferritin tracers could be a function of the binding capacity of
the negative charges proximal to the lamina densa. According
to this viewpoint the passage of molecules through the GBM
depends on whether the anionic sites are saturated with polyca-
tion or not. The argument presented in the preceding paragraph
is relevant here and speaks against this idea. Secondly, employ-
ing higher doses of cationic ferritin than used here a far greater
quantity of ferritin molecules could enter the lamina rara interna
[7, 13]. We were therefore not working under saturating condi-
tions so that electrostatic effects, in so far that they play a role,
should be comparable for all the tracers used.
The introduction of cationic ferritin probes [7] added a useful
tool for tracer localization studies. Previously a variety of
particulate tracers—native ferritin [15], colloidal gold [161,
Thorotrast [17], aggregated albumin [181 and globin [19] were
found to be restricted at the level of the endothelial fenestrae
and lamina rara interna. This gave rise to the single barrier
theory, where restriction was attributed solely to the GBM.
Difficulties arose from results obtained with enzymatic tracers,
such as lactoperoxidase [20] and the even larger myeloperox-
idase [21], which were found to be retained by the slit mem-
brane. This anomalous behavior in respect of size was largely
resolved when charge differences between the tracers were
taken into account [1, 2]. Experiments performed with neutral
dextrans [3] strongly pointed to the GBM as the primary
size—selective barrier, but exact localization of the barrier to a
particular layer was difficult. The use of cationic ferritin isomers
has clearly confirmed that the GBM is size restrictive, and
shows that this property can be attributed to the lamina densa.
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